Structural lubricity is an intriguing tribological concept, where extremely low friction is anticipated, if two surfaces in relative motion do not share the same lattice structure and consequently instabilities originating from interlocking surface potentials are strongly reduced. Currently, the challenges related to the phenomenon of structural lubricity are considered to be twofold. On one hand, experimental systems suitable for showing structural lubricity must be identified, while at the same time, it is also crucial to understand the intricate details of interface interaction. Here, we introduce a new material combination, namely NaCl-particles on highly oriented pyrolithic graphite (HOPG), where the nanoparticles coalesce under the influence of ambient humidity. Our experiments reveal that the interfacial friction can be described by the concept of structural lubricity despite the seemingly unavoidable contamination of the interface. By systematically analyzing the friction versus area scaling, this unlikely candidate for structural lubricity then shows two separate friction branches, with distinct differences of the friction versus area scaling. The exact tribological behavior of the nanoparticles can ultimately be understood by a model that considers the influence of nanoparticle preparation on the interface conditions. By taking into account an inevitable water layer at the interface between particle and substrate that can exist in different crystalline configurations all friction phenomena observed in the experiments can be understood.
Introduction
In principle, strucural lubricity is a fundamental concept, where strongly reduced or even vanishing friction is anticipated, if two surfaces in relative motion do not share the same lattice structure and consequently, energy dissipation (i.e., friction) related to instabilities from interlocking surface potentials is strongly reduced. But despite this intriguingly simple mechanism, the analysis of structural lubricity still remains a demanding problem of vibrant research [1] [2] [3] , which usually consists of two main challenges that have received particular attention during recent years:
First, it is required to find or prepare experimental systems where the interfaces are compatible with the concept of structural lubricity. In this context, it is usually assumed that the collective force cancellation effects, which are characteristic for structural lubricity, can be eliminated by either interface contamination [4, 5] or insufficient quality of the surfaces, with for example, defects or asperities acting as individual dissipation centers-contrary to the collective effects required for structural lubricity. Consequently, one strategy to achieve structural lubricity is to prepare and analyze well defined model systems under ultra high vacuum (UHV) conditions, which are more tractable theoretically. Here, especially metallic nanoparticles prepared by thermal evaporation on layered materials with van der Waals interaction between layers, like for example, highly oriented pyrolithic graphite (HOPG) or MoS 2 , have proven to be suitable [5] [6] [7] [8] [9] [10] . At the same time, researchers strove to establish structural lubricity also under ambient conditions. It was found that metallic nanoparticles, namely Au-and Pt-particles, on HOPG prepared under UHV conditions can show superlubricity even under ambient conditions [11, 12] , a result which was related to the general inability of contamination to enter the interface for these particular material combinations [11] . Additionally, structural lubricity was also found under ambient conditions for graphene stacks sliding on HOPG [13] [14] [15] [16] . Here, a recently described self cleaning effect of the graphene interfaces under relative motion is considered to be the reason that even interfaces formed by pushing partial graphene stacks onto HBn or HOPG under ambient conditions [17] [18] [19] do show typical behavior of structural lubricity, despite the potential influence of initial contamination. However, the overall number of material combinations showing structural lubricity is still very limited and it remains a particular challenge to produce tribological systems compatible with the influence of ambient conditions.
Besides the general efforts to create superlubric systems, a second research focus is directed towards understanding the underlying physical principles governing friction for the case of incommensurate interfaces. By employing both theoretical and experimental approaches, a number of key characteristics of superlubricity could be unveiled. First, it was found that superlubric friction can be characterized by a sublinear friction versus area scaling, which is related to the increasing effectiveness of force cancellation with increasing slider size [4, 20, 21] . At the same time, also the relative orientation between slider and substrate needs to be taken into account. This was first demonstrated for the case of grahene flakes sliding on HOPG [22] and recent theoretical and experimental studies have pointed out how especially interfaces formed by different surfaces can show extremely intricate dependencies of friction on relative orientation, where also the friction versus area scaling depends sensitively on the relative orientation [9, 23, 24] . Additionally, a number of studies have emphasized that additional effects can become relevant, if the interfaces cannot be assumed to be completely rigid. In this case, contact aging or enhanced static friction can occur [7, 8, 25, 26] . Depending on the elastic properties of the materials additionally pseudo-commensurate states can appear [23] and superlubricity can even break down completely once a critical system size is reached and dislocations can be accommodated within the interface [10, 21, 27] .
In the context of these current problems and topics related to the analysis of structural lubrictity, we are now introducing a new material system, namely NaCl-nanoparticles on HOPG. As we will show, structural lubricity can be found for this disparate interface despite major steps of nanoparticle preparation performed under ambient conditions. By anaylzing the contact area dependence of friction for the NaCl-nanoparticles sliding on HOPG using atomic force microscopy (AFM) assisted nanomanipulation, we not only verify the main characteristics of structural lubricity but at the same time provide further insight into the complex interface processes related to effects of crystalline structure and relative orientation between slider and substrate [9, 19, [22] [23] [24] . In particular we will show that the friction versus area scaling of the NaCl-nanoparticles shows distinct branches, a behavior that will be linked to irreversible changes of the interface conditions, namely a transition from amorphous to polycrystalline that is related to an interfacial water layer, which exists as a residual effect of the preparation process. An important aspect to describe this tribological scenario is to understand the fundamental mechanisms of superlubricity for the case of polycrystalline interfaces, as it is done by our theoretical calculations.
Materials and Methods

Nanoparticle Preparation
To prepare our NaCl nanoparticles on HOPG, we used an evaporation approach, similar to a method described in Reference [28] . More specifically, a small amount of NaCl was placed inside a metal tube of approximately 10 mm length and 1 mm diameter that was welded to a conventional AFM sample holder. This holder was placed onto a heatable manipulator inside the preparation chamber of our Omicron UHV-VT-AFM system. A small resistive heater within the manipulator allowed to heat up the sample holder to a temperature of about 500 • C, while at the same time a freshly cleaved HOPG sample was placed in front of the open tube end for an evaporation time of 60 s at a distance of approximately 5 mm. After evaporation, the sample was transferred from the preparation chamber to the UHV-AFM without breaking the vacuum. Figure 1a shows an image of the resulting sample surface obtained in contact AFM-mode. From this image, it becomes obvious that our evaporation procedure did not produce compact and well defined NaCl-particles but instead the only traces of deposited NaCl stem from lines in the image, where NaCl has probably been dragged along by the AFM-tip. Varying both the evaporation temperature and the exposure time of the substrate did not significantly change the general structure of the NaCl. In addition to the AFM measurements, we transferred the samples to a scanning electron microscopy (SEM) in order to gain a more comprehensive overview over the samples. In the process, the samples were exposed to ambient conditions. Surprisingly, the SEM images (Figure 1b ) revealed compact nanoparticles of mostly rectangular shape with rounded edges across the whole sample surface, although previous AFM measurements on the exact same sample showed no particles. Since the experimental conditions within the UHV-AFM and the scanning electron microscope are comparable, it appears likely that the unexpected transformation of the NaCl-coverage must be related to the exposure to ambient conditions between the measurements, which were performed in two different set-ups.
After SEM-imaging the sample was re-inserted into the UHV-AFM and NaCl-nanoparticles suitable for nanomanipulation experiments were readily found (cf. Figure 1c) . Additionally, it can be confirmed that typical particle shapes as shown in Figure 1c are in good agreement with the square lattice structure of NaCl, while particle heights are usually found to be around 10-12 nm.
Since exposure to ambient condition was identified as a likely candidate to induce the structural transformation of the NaCl, we used an additional test protocol to verify this assumption. Here, we started with the previously described evaporation process, after which the sample was immediately analyzed by AFM and revealed the previously found lack of particles. Then, the sample was transferred to the load-lock of the UHV-system, where it was kept under pressurized (i.e., ambient) conditions for 2 h with a relative humidity of about 35-40%. After that, the sample was again analyzed by atomic force microscopy under UHV conditions and defined nanoparticles could be identified.
Based on these observations, humidity must be considered as a likely candidate to drive the nanoparticle formation process. It is known that both NaCl and HOPG can be covered by roughly a monolayer of water under ambient conditions with relative humidity of about 40% [29, 30] . Such an amount of water molecules is already sufficient to enable ionic mobility and reconstruction of NaCl [30, 31] . However, in our case the particle formation process must also involve material flow on the HOPG substrate. The fact that nanoparticles have indeed been observed upon restoring UHV conditions, suggests that this level of humidity was also sufficient to allow for at least partial dissolution of the NaCl and restructuring on HOPG under these conditions. Still, further insight into the nanoparticle formation process beyond this basic concept would now require more dedicated research.
Nanoparticle Manipulation
The nanoparticles prepared according to Section 2.1 provide excellent samples for nanomanipulation experiments. In particular, a grazing incidence of evaporation leads to significant variations in particle coverage across the sample surfaces. This allows to identify areas with a sufficient number of particles as well as enough free space for the manipulation experiments. Figure 2a ,b illustrate the general nanomanipulation technique, based on conventional friction force microscopy [32] , where the tip is used to push the nanoparticles from the side, while simultaneously measuring friction based on the increased cantilever torsion during manipulation. All nanomanipulations have been carried out using standard Si-cantilevers (µMasch CSC37) at typical scanning velocities of 300-1000 nm/s and normal force of 2.5-4 nN. By subtracting the friction signals recorded during the manipulation stages of Figure 2a ,b, the tip/substrate friction is eliminated and the resulting difference only reflects the friction between particle and substrate. In general, friction of the nanoparticles was found to be very low, with absolute friction values of a few 10 nN as maximum. Facilitating both imaging of the nanoparticles and their subsequent manipulation therefore requires a specific experimental approach as outlined in previous publications [3, 6] . Based on this approach, Figure 2c shows a typical nanomanipulation experiment, where the NaCl-particle was first imaged using non-contact AFM (NC-AFM) operation (see Figure 2c , inset). After that, the AFM-tip was positioned beside the particle and the system was switched to contact mode operation. Now the lateral manipulation of the particle was carried out by moving the AFM-tip along a straight vector perpendicular to the long cantilever axis, while simultaneously recording the lateral force signal F L . Before the AFM-tip reaches the nanoparticle (x < 140 nm in Figure 2c ), the lateral force signal only reflects the friction between the AFM-tip and the substrate and can thus be subtracted as a reference level. Then, the second part of the curve (x > 140 nm) only reflects the interfacial friction between the nanoparticle and the substrate. Once the manipulation procedure is finished, the AFM can be switched back to NC-AFM mode in order to record a control image to verify the change in nanoparticle position (Figure 2c, inset) . Finally, all lateral force values have been calibrated using the wedge calibration method as suggested by Varenberg et al. [33] . Concept of Nanoparticle Manipulation by pushing the nanoparticle from the side. During the manipulation, two stages can be distinguished: (a) the AFM tip approaches the particle and the lateral force signal originates solely from the tip/substrate interface. (b) Once the tip reaches the nanoparticle and starts pushing it, the lateral force signal increases and can be attributed to both tip/substrate and particle/substrate friction. Subtracting the two lateral force levels then gives access to only the friction of the nanoparticle. (c) Example of a nanoparticle manipulation. The overlay image of the inset shows the nanoparticle, before and after it has been manipuated by the AFM tip along the direction indicated by the arrow. The main part of the figure shows the lateral force trace. The lateral force signal before the tip reaches the particle (tip sliding) can be used as reference to extract the absolute friction of the sliding nanoparticle when pushed by the tip (nanoparticle sliding). Additionally, also the topography signal recorded during the manipulation of the nanoparticle is shown, which is flat on a sub-nanometer level.
Results
In order to characterize and understand the tribological behavior of the NaCl-nanoparticles, two main aspects of our experimental results have to be considered successively. As a first step, we will analyze the specific features of the lateral force traces recorded during nanoparticle manipulation, which often reveal sudden changes in the friction level. As a second step, we will then evaluate, how these different friction levels observed for particles of varying size do fit into a comprehensive representation of the friction versus area scaling.
Friction Changes during Manipulation
As already indicated in previous publications, the interfacial friction of crystalline particles on a crystalline substrate does not neccessarily need to be constant but can instead be changing almost instantly, an effect that is usually associated with the intricate dependence of energy barriers on the relative orientation between tip and sample [9, 23, 24] .
Similar effects have also been observed for the NaCl-Particles on HOPG. This is illustrated in Figure 3 , where a nanoparticle with a contact area of A contact = 28, 750 nm 2 has been consecutively manipulated three times as shown by the panels I-IV in Figure 3 (Please note that panels II and III show the same data, albeit using a different y-scale). The result reveals distinct friction levels: For the first manipulation, the lateral force signal ( Figure 3I ) starts with a pronounced peak of approximately 35 nN, which is only stable for approximately 20-30 nm before the lateral force experiences a sudden drop to a level below 5 nN. But also on this lower level, friction does not remain constant but instead switches five more times with friction changes in the nN-range. We checked if the sudden friction changes can be related to topography features of the surface or the particle dimension but no apparent correlation was found. Therefore, the friction variations must be correlated to intrinsic changes of the interface conditions. Figure 3 already highlights two main features that are important in the further course of this work. The first one is the switching between different levels in the lower friction range. This effect was not only observed for the example shown in Figure 3 but was a frequent occurrence throughout our measurements of a larger number of nanoparticles. Interestingly, we found that friction can indeed change back and forth between higher and lower levels in this range (see also Figure 3 ). The significance of the second main effect (i.e., the existence of a high friction level) is not immediately clear from Figure 3 . Here, the initially high friction level might alternatively be interpreted as a static friction peak, despite the fact that friction remains on the high level for at least a few nm. However, the importance of this peak becomes clearer in Figure 4 , which shows friction measurements for a previous manipulation of this nanoparticle. Here, friction remains on the elevated level for a distance of approximately 80 nm. Therefore, the high friction level of Figure 3 must rather be considered as a short-lived manifestation of a characteristic sliding state than as a static friction peak (i.e., an aging related threshold force to overcome before sliding). As we will see later on, this classification, which was also applied for other nanomanipulations is further justified by the consistence of the resulting friction versus area scaling, which results in a distinct branch with F ∝ A 0.5 contact . Interestingly, we also observe that the lateral force trace of Figure 4 also shows a distinct stick-slip behaviour within the high friction level. However, we find comparatively large periodicities with stick phases ranging from 2-4 nm. These distances are clearly incompatible with the periodicity of either the substrate or the particles. Thus it might seem plausible to correlate the stick-slip pattern with the interface conditions between the nanparticle and the substrate. Crucially these slip-lengths are also similar to that of amorphous Sb-nanoparticles sliding on HOPG [8] , where the slip lengths have been attributed to insufficient relaxation of the soft spring within a single lattice constant. Therefore, it is difficult to conclude anything from these slip lengths about lattice parameters in the interface.
Independent of any stick-slip behaviour, the high friction state is also different from the low friction levels since it was exclusively observed, when the particle had not yet switched to a lower friction level. After such a decrease in friction, no evidence was found of switching back to the high friction level and the transitions from higher to the lower levels thus appear to be irreversible. Figure 4 . Stick Slip observed for the high friction level. Once the particle starts sliding, at x ≈ 190 nm, a distinct stick slip behaviour of the lateral force signal can be observed. The inset reveals that the typical slip-lengths can vary and are significantly larger than the periodicity of either highly oriented pyrolithic graphite (HOPG) or NaCl.
Friction versus Area Scaling
All the previously discussed effects must be considered when analyzing the friction versus area scaling based on our nanomanipulation experiments, which consisted of 85 manipulations of 30 nanoparticles. For each nanomanipulation we have analyzed the friction traces recorded during particle manipulation as indicated in Figure 3 . The results show two distinct branches of the friction versus area scaling ( Figure 5 ). The low friction branch is well separated from the high friction branch and has a broader spread of friction values.
The overall very low friction values suggest a scenario involving structural lubricity. In this context it is worthwhile to explore, whether previously described scaling laws [6, 11, 23] can be applied to this particular system. In general, these scaling laws take the form ∆E(N) = E 0 N γ , where ∆E(N) is the energy barrier against sliding for a particle with N interface atoms. The characteristic scaling exponent γ is controlled by both the relative orientation between particle and substrate as well as the particle's shape [23, 24] . The energy prefactor E 0 can depend on the particle shape [24] .
Due to the fact that the range of contact areas in the experiment is only one order of magnitude, it is not possible to fit both E 0 and γ with sufficient confidence. We can however determine with certainty that the exponents for both branches are smaller than 1. Moreover, we are helped by the fact that the friction exponents for structural superlubricity found in numerical simulations [23, 24] are always 0, 0.25, 0.5 or 1. The high friction branch is most consistent with a scaling exponent of γ = 
Discussion
We can now use this information to investigate the mechanism behind the switching structural superlubricity in this system. In our previous work [24] with gold on graphite under clean conditions, we have found that the small rotations of the particles can lead to friction changes during superlubric sliding. These changes were reversible and in those previous experiments appeared only within a single friction branch. We observe this kind of switching here as well within the low-friction branch, as can be seen in the bottom part of Figure 3 .
We also observe irreversible switching from the high to the low friction branch, which we did not observe in previous experiments. While it is possible for small rotations to switch between different friction branches [23, 34] , this cannot explain the effect we observe. This is because the high friction branches are always more stable against rotation than the low friction branches [34] . If small rotations were the mechanism for this switching, it would go from low to high friction. We thus conclude that another irreversible mechanism must be at play.
Combined with the structural lubricity and with rotation eliminated, the irreversibility strongly suggests that we are dealing with a structural transition in the interface layer. Given the exponent of the high-friction branch and long stick-slip period, we can surmise that the high-friction branch is the result of an amorphous interface, similar to, for example, antimony [6, 23] .
The lower friction branch must necessarily have a more crystalline structure. The wide spread in friction values for similar-sized crystals however indicates that something more is going on. In addition, the energy barrier for either scaling option is different from that of the high friction branch. This can be explained by the interface not being monocrystalline but rather polycrystalline with a spread in grain sizes. We can estimate the corrugation and friction of a polycrystalline interface consisting of M grains as the sum over M independent grains. We approximate each grain as a single crystal with random orientation and irregular shape (exponent γ = 1 4 ), with a contact area with N/M atoms in it. Therefore, the corrugation ∆V and with it the friction scale as
In order to confirm this scaling numerically we have computed the potential energy of rigid polycrystalline particles on a rigid substrate. We have studied the dependence on the size of the crystal as well as the grains. For the substrate we used the same hexagonal potential as in References [23, 24] with the interactomic distance of graphite, a = 1.42Å. The nanocrystals were circular and consisted of square grains of approximately n grain atoms each. The lattice inside each grain had square symmetry and an orientation chosen from a uniform distribution of angles. The lattice parameter of the nanocrystal was chosen to be b = 3.98822Å, which corresponds to the Na-Na spacing in the (100) plane of NaCl. Figure 6 shows the rescaled corrugation as a function of the contact area for polycrystalline interfaces with grains of various sizes. The lines in the figure show the expected behaviour from Equation (1) . For small size, the crystals have only one grain and follow the scaling of circular crystals, with exponent γ = grains . This scaling is indicated by the other lines in the figure and fits well to the numerical results over more than 8 decades.
Using Equation (1), we can estimate the number and size of the grains from the energy barriers. The number of grains in a crystal M ∼ (E 0,high /E 0, 1 4 low ) 4 ≈ 13. The number of atoms per grain can also be estimated, n grain ∼ (E 0,high /E 0, 1 2 low ) 4 ≈ 3 × 10 3 . These numbers are consistent with a contact area of several tens of thousands of atoms, which is indeed what one expects from the size of the NaCl particles. It is more difficult to make any reliable estimate about the spread of the grain sizes, because part of the spread of the friction values can be attributed to normal variations due to shape and orienation. To further explain how this transition from amorphous to polycrystalline may come about, we first make two observations. The first is on the chemical composition of the interface layer. Since the NaCl was exposed to air with some humidity, a layer of water molecules has been formed on the crystal surface. These water molecules cannot be simply removed in vacuum without heating the crystal to above 450 K [35] , which has not been done. Moreover, graphite is also weakly hydrophillic. Hence, a layer of water molecules is likely to be present in the interface. While under ambient conditions water is obviously liquid, there is experimental evidence that thin layers of ice can be formed on graphite or graphene [36, 37] . Moreover, the regular arrangement of charged ions in the crystal structure of the NaCl could further help stabilise any ice structure.
The second observation is about the amount of energy that is available for a structural transition. The energy released during a slip at the high friction level can be determined from the force trace (see Figure 4) . During a typical stick-slip motion, energy is stored in the spring system of the cantilever during sticking and then released during the slip. The amount of energy released during a slip is equal to the work done during the sticking, which can be estimated by F∆x, with F the average lateral force and ∆x the typical distance between slips. Since the energy is released abruptly and only once per stick-slip period, it is equal to the energy dissipated during one stick-slip period, that is, 30 nN of force for 4 nm is around 120 × 10 −18 J. When this energy is released, it briefly heats up the interface. Assuming that this water layer is approximately 0.3 nm thick (one molecule), there are between 3 × 10 4 and 3 × 10 5 water molecules in the interface. There is thus enough energy available to heat the water instantaneously by around 90 K, which is sufficient for a structural transition. In the low friction branch, however, with its lower friction and unobservable stick-slip period, at least an order of magnitude less energy is released.
We can thus provide a speculative explanation for the observed switching effect. In the high friction branch, the water layer between the NaCl and graphite is amorphous or nearly amorphous in structure. During a sufficiently violent slip, it is heated up and then cools down and crystallises into a number of grains. The reverse effect, melting the crystalline interface and refereezing in an amorphous structure, does not appear to happen. This may be because there is less energy available for heating the layer, due to the lower friction of the crystalline interface. It is also likely that the ordered structure is the more energetically favourable than the amorphous one.
Conclusions
All in all, our study has revealed NaCl-particles on HOPG as a new material combination, where exposure to ambient conditions is an integral aspect in the formation of interfaces showing superlubricity. By applying AFM-based nanomanipulation techniques, we can observe very low friction values and a sublinear friction versus area scaling, which are both considered to be crucial characteristics for the identification of superlubricity [4, 6, 20, 24] . Especially the occurrence of two branches in the friction versus area scaling then allows deeper insight into the potential interface processes. More specifically, the results can consistently be explained by a theoretical model, where an interfacial water layer that exists as a result of the preparation process, can switch between amorphous and polycrystalline structure, thereby facilitating the occurrence of two friction branches. Interestingly, these results also shed a new light on the role of interface contamination for the occurrence of superlubricity. Usually, it is assumed that interface contamination can inhibit the collective force cancellation effects of superlubricity [4, 5] . However, our results now hint at a new mechanism, where larger amounts of interface contaminants can re-trigger superlubricity by forming a new incommensurate interface. In future experiments, it would be interesting to test this hypothesis, which might then constitute a previously unrecognized route to superlubricity. 
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